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Abstract: On the basis of high resolution STM images and DFT modeling, we have resolved low- and
high-coverage structures of methylthiolate (CH3S) self-assembled on the Au(111) surface. The key new
finding is that the building block of all these structures has the same stoichiometry of two thiolate species
joined by a gold adatom. The self-arrangement of the methylthiolate—adatom complexes on the surface
depends critically on their stereochemical properties. Variations of the latter can produce local ordering of
adatom complexes with either (3 x 4) or (3 x 4+/3) periodicity. A possible structural connection between
the (3 x 4+/3) structure and commonly observed (v/3 x +/3)R30° phase in methylthiolate self-assembled
monolayers is developed by taking into account the reduction in the long-range order and stereochemical
isomerization at high coverage. We also suggest how the observed self-arrangements of methylthiolate
may be related to the ¢(4 x 2) phase of its longer homologues.

1. Introduction

Molecular self-assembly is a quickly developing field of
nanoscience that aims to tailor self-recognizing and self-
organizing properties of molecules for the bottom-up construc-
tion of complex molecular systems and implementation of the
designer molecular functionality. The greatest attention has been
devoted to the self-assembly of alkylthiolates (general formula
C,H,,+:S) on gold surfaces, which yields three-dimensional
crystalline monolayers with molecular tails decoupled from the
metal substrate.' These unique properties have enabled a great
variety of alkanethiol-based applications, including molecular
electronics, immobilization of biomolecules, surface magnetism,
passivation of nanoparticles and so forth (see ref 2 and
references therein). However, despite the apparent simplicity
of the self-assembly process, commonly regarded as an evolution
of the packing order upon increasing surface coverage of the
adsorbate, almost every aspect of alkanethiol self-assembly on
Au(111) remains controversial.?

Until only recently, the gold surface has been considered a
passive template which provides a series of high-symmetry
adsorption sites for the alkylthiolate species.'*~® However, it
is now well-established that the bonding of the sulfur headgroup
to the Au(111) surface involves Au-adatoms.””'? The Au-
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adatoms are supplied by lifting the herringbone reconstruction
of the Au(111) surface,” as well as etching of the monatomic
steps and terraces’ upon thiolate self-assembly. In our recent
publication based on scanning probe imaging,’ it was found
that the elementary building block of the self-assembled
methylthiolate phase at low coverage is a CH;S—Au(adatom)--
SCHj; species. A similar motif was subsequently found in the
self-assembly of benzenethiolate on Au(111)" as well as in the
bonding of arenethiolates to gold nanoparticles.'* Au-adatoms
provide a significant contribution to the energy of the
anchor-bond,”'>'® and it is therefore very likely that they will
influence the self-assembly process at all coverages and stability
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Figure 1. STM images of self-assembled structures of methylthiolate at low coverage on Au(111), produced by heating the gold crystal predosed with
CH;SSCHj; above 200 K for ~10 min (a). Triangulation of two trans-(CH;S),Au complexes (b) and adjacent cis- and trans-adatom complexes (c), and their
schematic models (d) and (e), respectively. The known adsorption sites of the adatom-complexes® and the orientation of the 1D-stripes were used to derive
the relative location of the surface lattice (hexagonal mesh). DFT-optimized structures of (R,R)-trans (f) and (R,S)-cis (g) configurations. The formal
R-configuration of sulfur is assigned based on the following order: lone electron pair, CHs, surface Au atom (other surface atoms are not considered), Au

adatom (connected to the other CH;3S fragment).

of thiolate species against desorption. So far, very little direct
evidence has been obtained as to what role Au-adatoms play in
the intermediate 2D-monolayers, the so-called striped phases,’*
and whether the sulfur—gold bonding changes as the coverage
of thiolates on gold surfaces approaches saturation. For the
saturation coverage, several models have been proposed, involv-
ing thiolate species bonded atop Au-adatoms,'" thiolate—adatom—
thiolate complexes akin those observed at low coverage,'
polymer-like adatom—thiolate complexes'”'® or a dynamic
equilibrium between adatom-bonded and bridge-bonded alky-
Ithiolates adjacent to vacancy.'®'® In addition, at least three
kinds of symmetry were reported in alkanethiolate SAMs,
depending on the length of the hydrocarbon chains:' (v/3 x
V3)R30°, (3 x 2+/3) (whichis a c(4 x 2) superstructure of the
V3 symmetry) and (3 x 4). The mechanism of self-assembly
leading to this variety of structures remains unresolved and
demands further exploration.

In this paper, we present a combined study of the intermediate
and high coverage structures of short-chain alkylthiolates on
Au(111) using scanning tunneling microscopy (STM) and
density-functional theory (DFT). We describe underappreciated
inherent chirality of the low coverage (striped) phase and
observe how it manifests in the structure evolution at higher
coverages. We develop a unified picture where the methylthi-
olate SAMs at all coverages are built of compositionally the
same unit (CH3S—Au—SCH3;), while its stereochemical proper-
ties play a critical role in determining the order within the self-
assembled structure.

2. Methods

The experiments were conducted with a low-temperature STM
(Omicron) operating in an ultrahigh vacuum (UHV) chamber
(background pressure <5.0 x 107!! Torr). The Au(111) surface (in
our case a facet of a single crystal at the end of a gold wire?’) was
cleaned by Ar" sputtering and annealing to 773 K. The clean gold
surfaces exhibited a terrace size of 1—2 um and a (22 X V3)
herringbone reconstruction with no surface impurity adsorbates
visible in the elbow sites.?’ The CH;SSCH;, CH;SH and C;H,SH
were purified using several freeze—pump—thaw cycles. Each
compound was deposited on the surface through an effusive beam
doser while the crystal was in the STM imaging position at <10 K.
The surface was subsequently heated to higher temperatures where
molecular dissociation and self-assembly occurred, as described
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further in text. All the STM images presented here were taken at
a temperature of 5K.

The DFT calculations were performed using scalar-relativistic
pseudopotentials with nonlinear core corrections, within the gen-
eralized gradient approximation (GGA) as implemented in the
SIESTA code.?? The surface slab was modeled with 5 Au layers
and a vacuum region of 30 A. A (4 x 5) Monkhorst-Pack k-grid
was used for Brillouin zone sampling. More calculation details can
be found in previous works.?

3. Results and Discussion

Methylthiolate species was previously found to chemisorb
on the Au(l111) surface in the form of the CH3;S—Au-
(adatom)—SCH; complex at temperatures above ~200 K
(hereafter (CH3S),Au or adatom complex) with the S-atom
forming three covalent bonds:® S—C to the methyl group, S—Au
to the adatom and S—Au to the gold atom in the surface, as
shown in Figure 1. The S-atom is positioned beside the Au-
adatom and atop the surface Au-atom (Figure 1d,e), providing
for an agreement with the original findings of the atop bonding
by the spectroscopic measurements using photoelectron dif-
fraction (PED)’ and normal incidence X-ray standing wave
(NIXSW).*!" For the purpose of the following discussion, it is
convenient to consider sp-like hybridization of the S-atoms in
the adatom complex,?* where three orbitals participate in the
bonding and the fourth one contains a lone electron pair. The
S-atom is thus formally chiral and can be designated as being
R- or S-type using the standard stereochemical nomenclature
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Figure 2. STM images of (a) intermediate coverage of methylthiolate on Au(111) revealing the coexistence of stripes, single cis- and trans-complexes, and
tetramers (7 > 200 K during self-assembly). (b) Striped phase of propylthiolate with (11 x +/3) unit cell, formed by thermal dissociation and subsequent
self-assembly of C;H;SH molecules at 7 > 250 K. The tetramer unit (c) and its schematic structure (d) correspond to the outlined area in panel (a).

as detailed in Figure 1f,g. The (CH;S),Au complex comprises
the S-atoms of either the same type, R or S, yielding a trans-
(CH3S),Au isomer (Figure 1f), or of opposite type, R and S,
yielding a cis-(CH3S),Au (Figure 1g). The difference in the
adsorption energy between cis- and trans-complexes, calculated
here by DFT, is less than 0.1 eV; that is, they are thermody-
namically equivalent. However, the barrier to switch between
the two configurations, calculated using the nudged elastic band
method, amounts to 0.50 eV (at half of saturation coverage).
Thermally activated cis—trans isomerization should therefore
become facile already at 7 = 200 K, which is the temperature
where the self-assembly of the thiolate species takes place in
our experiments. The existence of both cis- and trans-(CH3S),Au
complexes is confirmed by STM images obtained at low and
intermediate coverages of methylthiolate (Figure la—c).

The adatom complexes of methylthiolate readily cluster at
low coverages, forming 1D-stripes up to 15 (CH3S);Au in a
row along the (112) direction (Figure 1a and Figure 2a). The
clustering is driven by the attractive interaction between trans-
(CH;3S),Au complexes (calculated to be ~ 0.09 eV per com-
plex®) when they are located at a distance of V3a along the
(112) direction (a = 2.885 A is the gold surface lattice constant).
Minimization of steric repulsion within the stripes requires all
the complexes to have exactly the same trans-configuration, that
is, to be either of R,R- or S,S-type. No evident 2D-ordering of
the methylthiolate stripes is observed at intermediate coverages
(Figure 2a), indicating weak or even repulsive interstripe
interactions. However, the stripes of longer-chain alkylthiolates,
such as propylthiolate (CsH5S), exhibit a pronounced 2D-order
even at a low coverage as seen in Figure 2b. The 1D stripes
assemble along the (110) direction, normal to the stripe-axis.
This is likely due to an increase of the van der Waals interactions
between the hydrocarbon tails compared to methylthiolate. The
2D-ordered striped phase possesses a rectangular (n x V/3) unit
cell, where n is integer.'*> Although 2D-stripe phases have been
routinely observed for longer alkanethiolates, an intriguing
property discovered here is a chiral recognition between the
1D stripes. It is manifested in the alternating type of the stripes
between R,R- and §,S- symmetries (Figure 2b) arising in order
to reduce the steric repulsion between stripes.

We naturally expect that the self-assembled structures beyond
striped phases will evolve from the building blocks available
within the striped phase and would at some point coexist with
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the stripes. The self-assembly at high coverage may involve
cis—trans isomerization of the (CH3S),Au complexes, their
rearrangement on the surface, or occurrence of new sulfur-to-
gold bonding motifs. We have found that increasing methylthi-
olate coverage past the striped phase brings out a new structural
motif, formed when two stripes, whose axes are displaced by
1.5a distance along the (110) direction, meet end-to-end as
illustrated in Figure 2a,c,d. Such a ‘tetramer’ comprises two
slightly overlapping trans-(CH3S),Au complexes. Steric repul-
sion between the CH3-group in one complex and the Au-adatom
in the other makes two of the four CHj; groups slightly buckled,
increasing their apparent height in STM (Figure 2a). The STM
image of the tetramer is very similar to the building block of
the (3 x 4) phase previously reported by Kondoh et al.?

At near-saturation coverage, tetramers become a prevalent
species while the length of the 1D-stripes decreases (Figure 3a).
The tetramers form local arrangements with the periodicity of
either (3 x 4/ 3) (Figure 3b) or (3 x 4) (Figure 3c). Both unit-
cells correspond to saturation coverage of CH;3S and differ only
by the relative positions and chirality of the constituent
tetramers. The (3 x 4) phase comprises tetramers of identical
spatial configuration (all R,R or all .S complexes), arranged to
yield the (3 x 4) sublattice of the sulfur atoms (Figure 3e). In
contrast, the (3 x 4/ 3) phase comprises rows of the R,R and
S.,S tetramers alternating along the (112) direction, yielding the
(+/3 x +/3)R30° sublattice of the sulfur atoms (Figure 3d). Our
DFT calculations show that the (3 x 4) periodicity is more stable
than (3 x 4+/3) by ~0.12 eV per adatom complex, which is
consistent with their coexistence on the surface. The (3 x 4)
phase of methylthiolate has previously been reported in several
works.?*?” However, to the best of our knowledge, this is the
first observation of the (3 x 4+/3) unit cell.

The STM observations may seem inconsistent with the results
of diffraction techniques where the signal is averaged over
a large surface area, such as low energy electron diffrac-
tion (LEED)>?®?” and grazing-incidence X-ray diffraction
(GIXRD).'® These studies have reported the formation of the
(+/3 x +/3)R30° phase at the saturation coverage of methylthi-
olate on Au(111). The use of adatom complexes to build up
the SAM requires a unit cell that is bigger than that of (v/3 x
V3)R30°. To resolve this discrepancy, Mazzarello et al.'’
proposed a different structural model, where the adatom-bonded

(26) Kondoh, H.; Nozoye, H. J. Phys. Chem. B 1999, 103, 2585-2588.
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Figure 3. High-coverage self-assembled structures of methylthiolate on Au(111) obtained by heating the gold crystal predosed with CH;SSCHj3 to 7' > 250
K for ~10 min. (a) The largely 1D-stripes of (CH3S),Au coexisting with several patches of the (3 x 4y 3) phase. (b) Close-up of the left (3 x 4y 3) patch
in panel (a). (c) Close-up of the (3 x 4) patch found in the surface area adjacent to the area shown in panel (a). (d and e) DFT-optimized structural models
of the proposed saturated (3 x 4+/3)and 3 x 4) phases, respectively, with unit cells indicated in black and (+/3 x +/3)R30° unit cell as dotted black. White
outlines correspond to tetramer patterns observed experimentally in panels (b) and (c).
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Figure 4. (a) Structural model of the disordered phase derived from (3 x 4+/3). Dashed and dotted lines show the (3 x 4+/3) and (+/3 x +/3)R30° unit
cells, respectively. Calculated GIXRD patterns of this phase exhibiting the (V3 x +/3)R30° symmetry (b) and of the ordered (3 x 4+/3) phase (c). (d)
Fourier transform of the STM image in Figure 3a featuring sharp (v/3 x ~/3)R30° peaks and a diffuse background due to disorder.

methylthiolate complexes coexist in a dynamic equilibrium with
the bridge-bonded thiolate species adjacent to vacancy, creating
a disordered monolayer. Upon averaging, the disordered struc-
ture satisfies the (v/3 x +/3)R30° symmetry observed by
GIXRD. Our STM images obtained at low and intermediate
coverages of methylthiolate (Figures 1a and 2a) show that the
dominant species on the surface are trans- and cis-(CH3S),Au
complexes. This fact alone does not rule out the possible
existence of the vacancies or other kinds of CH;S species at
the saturation coverage. However, we have found that the
concept of disorder can be used to generate a macroscopically
observed (v/3 x +/3)R30° symmetry using only methylthiolate—
adatom complexes. In particular, we assumed the existence of
the (3 x 4+/3) phase with a reduced long-range order at the
expense of smaller coverage (~75% of saturation coverage),
as shown in Figure 4a. Simulated in-plane GIXRD pattern of
this structure (Figure 4b, for details see Supporting Information)
exhibits only (v/3 x +/3)R30° peaks despite the apparent lack
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of this unit-cell on the local scale within the structure. Since
GIXRD is dominated by diffraction from Au adatoms;>** the
latter must occupy the +/3 sublattice within the self-assembled
layer. This requires all the (CH3),Au complexes to be aligned
along the same direction, since otherwise the adatoms end up
on the sites belonging to a (\/ 32 x 3/2)R30° lattice (see
Supporting Iinformation), generating a corresponding pattern
in GIXRD. For comparison, the ordered (3 x 4+/3) phase
produces the (3 x 24/3) GIXRD pattern (Figure 4c) corre-
sponding to the symmetry of adatoms, while being largely
insensitive to the positions of S and C atoms. This pattern is
practically identical to that of the c(4 x 2) phase of longer
thiols.®'” The notion of the disordered structure that produces
a well-ordered pattern in reciprocal space is also consistent with
our STM images at near-saturation coverage; for example, in
Figure 3a, the Fourier transform of which also shows sharp (+/3
x 3)R30° spots (Figure 4d).
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Is it also possible to use the adatom complex to construct
the SAMs of longer-chain alkanethiolates? The (3 x 4) phase
was also reported in an STM study of ethanethiolate monolay-
ers,”® although with a significantly different STM contrast than
for methylthiolate. Our simulations of the ethylthiolate (3 x 4)
structure with the same arrangement of adatom complexes as
for methylthiolates are in excellent agreement with the reported
experimental images (Supplementary Figure S2). However, both
(3 x4)and (3 x 4y 3) phases observed for methylthiolate will
be highly unstable when more than two carbon atoms build up
the hydrocarbon tail, since the trans-configuration of the adatom
complex would introduce significant steric hindrance with longer
hydrocarbon tails. This steric hindrance can, however, be largely
overcome if all trans-complexes within the (3 x 4+/3) phase
are transformed into their cis-isomers. The resulting arrangement
of the S—Au—S bonds bears the c(4 x 2) periodicity, which
makes this structure a possible candidate for the corresponding
phase of long-chain alkanethiolates on Au(111). Our previous
work addressing the steric commensurability of various possible
dense phases of longer thiols with the (3 x 2+/3) unit cell of
gold surface suggested the cis-conformers of thiolate—adatom—
thiolate complexes as one of the few viable packings and the
only one thermodynamically stable, considering significant
energy cost of adatoms formation.”®> The cis-based c(4 x 2)
structure was also proposed by Gronbeck et.al.'® for methylthi-
olate SAMs and by Torres et al.? for ethylthiolate SAMs, based
on the total energy calculations. However, as we have shown
here, the preferred arrangements of methylthiolate are based on
trans- rather than cis-adatom complexes.

To build up the high-coverage self-assembled structures of
alkanethiolate of the RS-Au-SR adatom complexes, the gold
surface has to supply 1/6 ML of gold adatoms. Previously, we
showed that the (22 x +/3) herringbone reconstruction provides
the adatoms required for thiolate self-assembly at low coverage.”
However, the reconstruction can only provide for 0.04 ML of
adatoms, while the rest of them must be released from single
atom steps and surface terraces. This is consistent with the
observation of surface pits and eroded surface terraces ac-
companying thiolate self-assembly.*’ The surface area of the
etch pits estimated from images in previous works is 0.04—0.1
ML, which supports this hypothesis. The total density of gold
adatoms released from the surface will, in general, be difficult
to determine since quantitative analysis of step erosion is not

(28) Kawasaki, M.; Nagayama, H. Chem. Lett. 2001, 30, 942-943.
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79, 075440-075445.

straightforward and it will also depend on initial step density
on the Au(111) surface.

4. Conclusions

We have developed structural models for the self-assembled
phases of methylthiolate on the Au(111) surface at all coverages
in terms of the same basic building block of two CH;S fragments
linked by a gold adatom. The stereochemical properties of the
(CH;3S),Au complexes are found to play a critical role in the
interaction between the complexes and the resulting formation
of the self-assembled patterns. We have found that the adatom
complexes can form local arrangements with the (3 x 4+/3) or
(3 x 4) unit-cells, both providing the saturation coverage of
CH;S-species on the Au(111) surface. Introducing the long-
range disorder into the (3 x 4/ 3) phase, which is consistent
with our STM images at near-saturation coverages, allows one
to obtain a macroscopically averaged GIXRD pattern of (v/3
x +/3)R30°. Upon trans—cis isomerization of the constituent
(C,Hz,+15),Au complexes, the (3 x 4/ 3) phase attains the (3
x 2+/3) symmetry and may therefore naturally explain the c(4
x 2) structure of the longer alkanethiolates. We anticipate that
the results presented here will help to gain a complete picture
of the alkylthiolate self-assembly process, particularly, the
reaction mechanisms behind the incorporation of the gold
adatoms into alkylthiolate complexes, the chiral recognition
within the striped phase, discovered here, and the formation of
densely packed monolayers. We further envision the applicabil-
ity of the key concepts behind alkanethiol self-assembly in other
molecular systems and a potential to engineer novel self-
assembled functionality, such as strong surface magnetism or
new electronic properties, using substitutional metal adatoms.
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